Chronic obstructive pulmonary disease (COPD) and diabetes mellitus (DM) are chronic health conditions with significant impacts on quality and extent of life. People with COPD and DM appear to have worse outcomes in each of the comorbid conditions. Treatment with corticosteroids in acute exacerbation of COPD (AECOPD) has been shown to reduce treatment failure and exacerbation relapse, and to shorten length of hospital stay, but not to affect the inexorable gradual worsening of lung function. Treatment with corticosteroids can lead to a wide spectrum of side effects and complications, including worsening hyperglycemia and deterioration of diabetes control in those with pre-existing DM. The relationship between COPD and DM is rather complex and accumulating evidence indicates a distinct phenotype of the comorbid state. Several randomized controlled trials on corticosteroid treatment in AECOPD excluded people with DM or did not report on outcomes in this subgroup. As such, the perceived benefits of corticosteroids in AECOPD in people with DM have not been validated. In people with COPD and DM, the detrimental side effects of corticosteroids are guaranteed, while the benefits are not confirmed and only presumed based on extrapolation from the general COPD population. Therefore, the potential for harm when prescribing corticosteroids for AECOPD in people with DM cannot be excluded.
Introduction
The incidence of chronic obstructive pulmonary disease (COPD) is increasing worldwide, and the burden is escalating because of the high rate of direct and passive tobacco smoking, compounded by air pollution from biomass fuels and other industrial pollutants. It is estimated that COPD affects 251 million individuals worldwide and contributed to 3.17 million related deaths in 2017. 1 Patients with COPD often suffer from multiple comorbidities linked directly or indirectly to COPD, such as cardiovascular disease, arthritis, mental health disorders, metabolic syndrome, and type 2 diabetes mellitus (T2DM). [2] [3] [4] [5] Patients with COPD often experience recurrent acute exacerbations requiring emergency treatment either in the community or in hospital. Acute exacerbation of COPD (AECOPD) is a major health burden to patients, their families, healthcare systems, and society. This is mostly notable in winter, when incidences of respiratory tract infections are high.
Metabolic syndrome is a cluster of insulin resistance with glucose intolerance, hypertension, dyslipidemia, and obesity, with a strong link to increased cardiovascular morbidity and development of T2DM. 6 Those with metabolic syndrome have up to 24.5-fold increased risk of developing T2DM with overt hyperglycemia, 7 and 50-72% of those with T2DM have metabolic syndrome. 8, 9 Both metabolic syndrome and diabetes mellitus (DM) are on the rise as a pandemic global health concern. DM currently affects 425 million people worldwide, with an estimated increase to 629 million by 2045. 10 Metabolic syndrome is estimated to affect three times the number of DM cases. 11 While genetic predisposition, sedentary lifestyle, chronic inflammation, and excessive calorie intake play major roles in the development of T2DM, drug-induced hyperglycemia and DM are very well recognized. Several classes of drugs are implicated in insulin resistance and beta-cell dysfunction leading to hyperglycemia and diabetes, the commonest of which are calcineurin inhibitors, thiazides, statins, and corticosteroids. 12 People with DM, especially those with poor glycemic control, are at high risk of developing complications that affect multiple systems, leading to retinopathy, nephropathy, neuropathy, peripheral vascular disease, coronary artery disease, and cerebrovascular disease. Significant reduction of such risks can be achieved when stringent DM control is achieved early. [13] [14] [15] [16] [17] Both COPD and DM are chronic health conditions with the prospect for deterioration over time. It is estimated that 10% of people with DM suffer from COPD [18] [19] [20] (Figure 1) , and 17-50% of people with COPD are at risk of developing DM. 21, 22 The prevalence of metabolic syndrome in people with COPD was reported to be 34% 23 (Figure 1 ). Moreover, an alarming 5-year mortality risk in people with COPD and DM has been reported to be 1 in 5. 24 The exact mechanism which links COPD to metabolic syndrome and DM is not straightforward and there is accumulating evidence indicating a distinct phenotype of COPD and DM comorbid state. 25 Huang et al reported significantly higher high-mobility group box-1 (HMGB1) levels in people with COPD and DM compared to people with COPD or DM alone and to healthy people. 26 HMGB1 is a late inflammatory mediator which belongs to the damage-associated molecular pattern (DAMP) family. It attracts active immune cells by attaching to pattern recognition receptors (PRRs), which play a central role in innate immune responses. 27 It is not clear what causes this HMGB1 rise, although a shared inflammatory pathogenesis between COPD and DM can be speculated. Similarly, the chronic inflammatory state in COPD marked by the rise in inflammatory markers such as C-reactive protein (CRP), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and soluble factor-I has been suggested as a contributor to the rise of metabolic syndrome and hyperglycemia. 28 Moreover, the sedentary lifestyle known to be a risk factor for metabolic syndrome and T2DM is common in people with COPD, especially when disease is advanced. 29 Finally, the iatrogenic hyperglycemia resulting from systemic corticosteroid therapy in AECOPD is quite pronounced in this patient group, indicating an existing predisposition to corticosteroid-induced hyperglycemia, a phenomenon that is noted in only 36% of the people who receive three or more oral corticosteroid prescriptions for different indications. 30 In this review, we examine the evidence for corticosteroid use in the AECOPD, concentrating on patients with both COPD and DM.
Metabolic and Diabetogenic Impact of Corticosteroids
The clinical utility of corticosteroids is wide owing to their anti-inflammatory and immunomodulatory properties. Corticosteroids are used in many autoimmune and inflammatory conditions, such as connective tissue disease, asthma, vasculitis, and inflammatory bowel disease, in addition to their use as part of immune-suppression regimens in different types of transplantations. 31, 32 Corticosteroids are associated with a wide spectrum of side effects, including mood changes, skin thinning, hypertension, adrenal suppression leading to dependence on exogenous steroids, osteoporosis, hyperglycemia, and DM. [33] [34] [35] [36] These side effects occur more often with prolonged use 37 and higher doses. 38 Corticosteroids can induce hyperglycemia by interfering with several components of the glucose regulation pathway in different organs of the body, including inhibition of insulin secretion from pancreatic beta-cells, 39 increasing glucagon release from pancreatic alpha cells, 40 and impairing glucose transporter-4 (GLUT-4) translocation to the cell surface in myocytes, a crucial step for glucose uptake and utilization. 41 Moreover, corticosteroids reduce the expression and phosphorylation of insulin receptor substrate-1 (IRS-1) and phosphatidylinositol 3-kinase (PI3-K), resulting in further impairment of insulin-mediated glucose uptake by the myocytes. 41 Corticosteroids suppress phosphoenolpyruvate carboxykinase (PEPCK) enzyme in lipocytes and augment its action in hepatocytes, which results in an elevation in the level of free fatty acids, leading to a state of relative insulin resistance. 42,43 These diabetogenic effects of corticosteroids have been demonstrated ubiquitously in the literature. Administration of oral prednisolone at a similar dose and duration to those often recommended for COPD exacerbations was found to be associated with higher fasting glucose and a measured decline in beta-cell function in otherwise healthy subjects. 44 In a randomized double-blinded placebocontrolled trial, 2-week administration of either a low dose of prednisolone (7.5 mg daily) or higher doses (30 mg daily) resulted in a reduction in the ability of insulin to suppress endogenous glucose production, with a reduction in lipolysis and an increase in whole-body proteolysis. 45 The metabolic compromise induced by corticosteroids can be as serious as the development of diabetic ketoacidosis (DKA), even in individuals with no prior diagnosis of DM. 46 Treatment with systemic corticosteroids in those with established DM necessitates pre-emptive intensification of diabetes treatment in order to counteract the expected hyperglycemic effect of corticosteroids. An important example of such an approach is in pregnant women with DM who require corticosteroid therapy for fetal lung maturation in cases of threatened preterm labor, where insulin doses are increased by up to 60% in order to counteract the hyperglycemic effect of corticosteroids and maintain glycemic balance. 47 
Corticosteroids and DM in Patients with COPD
Corticosteroid therapy plays a central role in the acute and long-term management of COPD. In a large retrospective cohort study comparing 9,342 patients with COPD without exacerbations and 4,671 patients with newly diagnosed AECOPD, it was found that the incidence of DM was higher in those patients who suffer exacerbations compared to those with stable COPD during the follow-up years. 48 It is difficult to draw firm conclusions from this association; however, the increased incidence of diabetes could be attributed, at least in part, to the shared phenotype theory and the frequent courses of oral high-dose corticosteroids given at each episode of AECOPD. Similar observations were reported with inhaled corticosteroids in a cohort study involving 388,584 patients with respiratory diseases, where inhaled corticosteroids were associated with 34% increased risk of development of DM and worsening of pre-existing diabetes, necessitating insulin therapy. 49 The risk increased to 64% when patients received higher doses of inhaled corticosteroids such as fluticasone 1,000 μg. 49 In a casematched UK primary care cohort study comparing people with T2DM and COPD to people with T2DM alone, those who received inhaled corticosteroids had worse diabetes control after 12-18 months of follow-up. 50 Moreover, in a retrospective analysis of 18,266 patients with diabetes from the administrative claims data by the Australian Government Department of Veterans' Affairs, there was up to 94% increased likelihood of DM-related hospital admissions in patients with COPD who used high-dose corticosteroids. 20 In a double-blind randomized placebo-controlled trial involving hospital admissions with AECOPD, systemic corticosteroids given for 2 or 8 weeks were found to be superior than placebo in reducing hospital stay from 9.7 to 8.5 days (p=0.04), and treatment failure from 33% to 23% (p=0.04). However, there was a significant onset of hyperglycemia requiring initiation of diabetes treatment in the corticosteroid groups. This was associated with prolonged hospital stay and even high rates of rehospitalization because of infections. 51 This is a very important result as the significant benefits seen in the overall study cohort appear to have been offset when corticosteroids resulted in significant hyperglycemia.
Hyperglycemia and DM Impact on Patients with COPD
Several studies have suggested that the development of T2DM can worsen lung function in patients with COPD. [52] [53] [54] [55] Even in the absence of COPD, the development of metabolic syndrome, insulin resistance, and systemic inflammation can be risk factors for deterioration in lung function in otherwise healthy non-smoking individuals. 56 In addition to worsening lung function, exercise capacity and functional status were adversely affected in individuals with DM and COPD across all functional stages of COPD, 57 in addition to worse prognosis and higher risk of mortality. 58 Hyperglycemia can lead to a vicious cycle in patients with COPD and DM, predisposing to further exacerbations and therefore triggering the need for systemic corticosteroids, which in turn lead to hyperglycemia (Figure 2) . The mechanisms through which hyperglycemia and DM negatively impact lung function and COPD outcomes are not fully understood; however, several pathways have been implicated (Figure 3 ). Impairment of the humoral innate immunity in DM increases the risk and severity of infections. 59, 60 Moreover, increased oxidative stress in poorly controlled DM increases susceptibility to bacterial infections. 61 The state of systemic inflammation seen in both DM and COPD leads to microangiopathy, resulting in alterations in lung parenchyma, with fibrosis and thickening of the basal lamina, which manifest in restrictive lung defects. 52, 62, 63 Poorly controlled DM leads to increased glucose levels in the airway fluids, providing a favorable environment for bacterial infections and colonization. 64 It is interesting to note that the airways in COPD appear to be leaky of glucose compared to those in people with no COPD, even in the absence of DM, with much higher glucose levels detected in sputum samples during AECOPD compared to stable COPD. 65 The state of hyperglycemia in patients with COPD can increase the risk of subsequent pulmonary infections and may be implicated in treatment failure in those with infective exacerbations. In one study, it was found that hyperglycemia in patients admitted with AECOPD was associated with failure of noninvasive ventilation and the subsequent development of pulmonary infections and poor outcomes. 66 Furthermore, the presence of a comorbid state of insulin-treated DM and COPD was linked to longer hospital stay and a higher prevalence of Gram-negative bacteria in the sputum culture. 67 The above observations are quite relevant in clinical practice and highlight the need to avoid, or at least mitigate, hyperglycemia in people with DM and COPD.
Corticosteroids in COPD Exacerbations: Evidence and Guidelines
Evidence for the use of high-dose corticosteroids in AECOPD has accumulated over several decades. Despite the limited impact on overall mortality and disease progression, corticosteroids have been shown to reduce treatment failure and relapse rates, improve lung function, and reduce length of hospital stay. 51, 68, 69 Earlier systematic reviews concluded the merit of 30-40 mg of oral prednisolone for 7-14 days to treat AECOPD. 70, 71 In an attempt to evaluate whether shorter courses of corticosteroids can attain equivalent clinical outcomes, Leuppi et al conducted a placebocontrolled double-blind randomized controlled trial (RCT) comparing 5 and 14 days of high-dose corticosteroid courses in 314 patients with AECOPD attending five Swiss teaching hospitals. Pleasingly, COPD outcomes were non-inferior in the shorter duration arm compared to the longer duration arm at 6 months' follow-up. 72 Benefits from oral corticosteroid therapy in stable COPD have not been established or recommended. A transient improvement in lung function was seen when Acute exacerbation of COPD
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International Journal of Chronic Obstructive Pulmonary Disease 2020:15 stable COPD patients were treated daily with a high (30 mg), but not a low (10-15 mg), daily dose of prednisolone. This benefit was only brief. 73 As expected with long-term corticosteroid therapy, the use of oral corticosteroids in patients with stable COPD was found to be associated with significant adverse side effects, leading to multiple comorbidities including myopathy, respiratory muscle weakness, osteoporosis, and DM. Sustaining these comorbidities may have contributed to the reduced survival. [73] [74] [75] [76] On the other hand, inhaled corticosteroids have been shown to be beneficial in reducing the frequency of COPD exacerbations in those with raised blood eosinophil count, 77 but survival only improved when combination therapy with inhaled long-acting bronchodilators was given. 78 Based on such evidence, clinical guidelines recognize oral corticosteroid therapy as a cornerstone in the management of AECOPD. [79] [80] [81] In a guideline review which included the updated versions of 19 guidelines up to May 2014, Laue et al reported that almost all guidelines recommended corticosteroids for all people with AECOPD. 82 Most recently, the UK National Institute for Health and Care Excellence (NICE) COPD guideline [December 2018, with update in July 2019] advocated the use of 30 mg prednisolone for 5 days for AECOPD in the absence of significant contraindications. 81 However, such significant contraindications were not defined and were left to the discretion of the attending doctors. The guideline clearly recognized potential long-term complications of corticosteroids, and recommended regular surveillance and treatment for complications such as osteoporosis, while DM was missed out in the guideline as a potential complication that warrants surveillance and treatment.
The Joint American Thoracic Society/European Respiratory Society guideline 2017 recommended treating AECOPD in the community with prednisolone therapy for a longer period (9-14 days) to help improve lung function and reduce rehospitalizations. 79 In the Global Initiative for Obstructive Lung Disease (GOLD) guideline 2019, the recommendation for corticosteroid therapy in AECOPD was for 5-7 days, especially in those with elevated eosinophil count, although no specific recommendation was given for those with COPD and DM. 77 There are several caveats to these recent and earlier guidelines (reviewed by Laue et al 82 ) . First, the clinical trials upon which these guidelines were based were selective in which patients were included, and they do not represent real-world patients. A number of the RCTs excluded people with pre-existing DM, or simply did not account for the effect of hyperglycemia on trial outcomes. [83] [84] [85] In one RCT evaluating the effect of corticosteroids in AECOPD which included people with DM, there were more subjects with DM in the control arm than in the corticosteroid arm, which would have confounded the results. 84 It is not safe to consider the outcomes of such trials applicable to those with DM. Second, there was heterogeneity in the settings of these trials, with some taking place in hospitals, others taking place in the community, and others including a mix of community and hospital patients. 68 Third, the diagnosis of AECOPD was based on symptoms such as increased dyspnea, cough, and increased sputum production. This is subjective and does not necessarily link these symptoms directly to COPD etiology, such as when subjects with COPD suffer from anxiety or decompensation of heart failure, which are common in people with COPD. Finally, advice for the use of inhaled and oral corticosteroids in COPD is not focused because of a lack of phenotypic classification of COPD and exacerbations. For these reasons, it is likely that the clinical guidelines are contributing to the overprescription of corticosteroids in patients with COPD.
Conclusions, Considerations, and Future Recommendations
The benefits of corticosteroid-based therapies in patients with COPD are very well established. However, the "one size fits all" approach to corticosteroid use in COPD is not entirely evidence based, and the generous and unselective use of oral corticosteroids in the treatment of AECOPD is not without harm. Corticosteroids have proven side effects on repeated and continuous exposure, while benefits in AECOPD are not confirmed in COPD with certain other comorbidities such as DM. Neither those with COPD and DM nor those with COPD and corticosteroid-induced hyperglycemia have been studied to assess the benefits of corticosteroids in AECOPD, and the balance of benefit/harm has not been established. It is not safe to extrapolate the benefits of systemic high-dose corticosteroids in AECOPD to those with DM, especially when such treatment can be detrimental to DM and is guaranteed to derail glycemic control. As such, the pulmonary benefits from corticosteroids in AECOPD will be offset, at least in part, by the negative impact on DM, and therefore overall patient outcomes in such cases remain to be determined. There is an urgent need for large prospective trials looking into the metabolic and COPD outcomes in patients with the comorbid state in order to re-evaluate the balance of short-and long-term benefits/risks of oral corticosteroids. Similarly, more research into the benefits of corticosteroid in COPD with other comorbid states is needed, such as in those with steroid-induced hyperglycemia, those with metabolic syndrome, and those with cardiovascular disease. Phenotyping and objective confirmation of AECOPD and etiology, aided by biomarkers such as procalcitonin or eosinophil count, can open up the possibility for trials of focused therapeutic choices in the future, leading to more personalized medicine. 34, 86, 87 In the meantime, the treatment and prevention of AECOPD remain the top priority, and if corticosteroids are used in patients with DM, then active diabetes treatment modification should be sought with the support of the diabetes care team. This approach should be integrated into COPD care pathways and guidelines both in hospitals and in community settings. Moreover, in those with COPD and no confirmed DM, regular surveillance for diabetes should become part of routine COPD care, given the increased risk. Collaborative work between respiratory teams and diabetes teams will benefit the overall care and outcomes in people with COPD and DM. When DM is missed, or not considered when corticosteroid treatment is given, an opportunity to intervene and mitigate hyperglycemia is lost and the potential for doing harm is therefore possible.
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